Signal transducer and activator of transcription 1 (STAT-1) gain-of-function (GOF) mutations cause chronic mucocutaneous candidiasis (CMC), a disease associated with Candida albicans and Staphylococcus aureus infection. Patients suffer from dysegulated immune responses due to aberrant cell programming and function. We investigated the effect of inhibitory molecules targeting histone deacetylases (HDACi) on the immune responses of peripheral blood mononuclear cells (PBMCs) of healthy controls and patients with CMC towards microbes relevant for CMC. PBMCs cells were pretreated with HDACi and challenged with C. albicans or S. aureus. Innate and adaptive cytokines were measured in cell culture supernatants by enzyme-linked immunosorbent assay (ELISA). We assessed the effect of HDAC inhibitors on T helper type 1 (Th1) and Th17 cells and measured STAT-1 and STAT-3 phosphorylation using flow cytometry. Panobinostat, a pan-HDAC inhibitor, strongly inhibits innate and adaptive cytokines upon challenge with C. albicans or S. aureus. Specific inhibitors (entinostat or RGFP966) also had a tendency to lower production of most innate cytokines in CMC patient cells. Entinostat and RGFP966 increased the production of interleukin (IL)-22 specifically after S. aureus challenge in patient cells. In healthy and control cells, entinostat and RGFP966 treatment down-regulated STAT-1 phosphorylation while pSTAT-3 levels remained stable. HDACi modulate cytokine production in response to C. albicans and S. aureus. Pan-inhibitors lower overall cytokine production, whereas specific inhibitors confer a selective effect. Entinostat and RGFP966 are promising therapeutic candidates to treat STAT-1 GOF due to their capacity to restore IL-22 production and decrease STAT-1 phosphorylation; however, their inhibition of innate cytokines poses a possible risk to secondary infections.
Introduction
Chronic mucocutaneous candidiasis (CMC) is characterized by recurrent or persisting fungal infections of nails, skin or mucosal areas. Patients suffering from CMC can be divided into two categories: CMC disease (CMCD) caused predominantly by gain-of-function mutation (GOF) in signal transducer and activator of transcription 1 (STAT-1) and syndromic CMC (sCMC), such as the hyperimmunoglobulin (Ig)E syndrome caused by defects in STAT-3 [1] . All patients suffering from CMC, whether CMCD or sCMC, share certain immunological abnormalities associated with decreased function or loss of T helper type 17 (Th17) responses and increased susceptibility to bacterial infections, due mainly to Staphylococcus aureus. Taken together, these manifestations indicate a common link in disturbed programming of cell fate and regulation of gene expression.
Gene expression is controlled primarily by the accessibility of chromatin to transcription machinery and transacting factors. The dynamic constituent assembly of DNA and various nucleoproteins, including histones, spatially regulates transcriptional competency by structural adaptation and genome compartmentalization [2] . Covalent epigenetic modifications facilitate this functional modulation and chromatin reorganization by various mechanisms. One of the best-characterized mechanisms governing chromatin architecture is via the acetylation of lysine residues on histone proteins, which is associated ubiquitously with transcriptional competency and is regulated by the opposing activities of histone acetyltransferases (HATs) and histone deacetylases (HDACs). Conversely, lysine residues of non-histone proteins such as transcription factors can also be acetylated, modification of which can affect activity, stability and protein-protein interactions [3] . The balance between acetylation and deacetylation is fundamental to many chromatin-dependent and -independent processes and is increasingly explored as a pharmacological target for the treatment of numerous diseases.
Considerable effort has been directed to defining the exact role of HDACs in immune regulation. Innate as well as adaptive immunity are impacted strongly by HDACs. For example, HDAC expression is induced in murine macrophages upon lipopolysaccharide (LPS) stimulation and to selectively down-regulate proinflammatory gene expression of Ccl2, Ccl7 and End1 [4] . HDACs are also critical for adaptive immunity, humoral as well as cellular responses: deletion of both Hdac1 and Hdac2 prevents normal B cell maturation [5] and HDAC7 is crucial for negative selection during T cell development [6] . As HDACs control fundamental cellular processes, small inhibitory molecules interfering with HDAC function have been investigated extensively during past years to assess their therapeutic potential, especially in cancer therapy [7] . Also, HDAC inhibitors (HDACi) have been explored as additive HIV treatment [8] and were proved to induce expression of anti-microbial peptides effectively at mucosal surfaces, helping to clear bacterial infections [9] .
HDAC inhibition has been proposed as a promising therapeutic approach to treat CMC [10] . We have shown recently that inhibition of HDACs (specifically HDAC1 and HDAC2) in STAT-1 GOF mutation cells can reestablish normal STAT-3-dependent gene expression [11] . However, the precise interplay between STAT acetylation and phosphorylation varies greatly, depending on the position of the modified lysine residue in the protein and cell type [3] . Here we investigate systematically the modulatory effect of several HDAC inhibitors on the pro-and anti-inflammatory innate cytokine response of peripheral mononuclear blood cells (PBMCs) induced by Candida albicans and Staphylococcus aureus, two of the most relevant pathogens in CMC. Specifically, we investigated panobinostat [a pan-inhibitor of HDACs including class I (HDAC1, 2, 3, 8) , class IIa (HDAC4, 5, 7, 9), class IIb (HDAC6, 10), class IV (HDAC11) ], entinostat (a partial class I inhibitor, HDAC1 and HDAC3) and RGFP966 (a selective HDAC3 inhibitor). Our data suggest that proinflammatory as well as anti-inflammatory innate immune responses are modulated by some, but not all, HDAC inhibitors, and these observations must be taken into account when HDAC inhibition is explored in patients with CMC.
Methods and materials

Peripheral blood mononuclear cell isolation
Human PBMCs were isolated from healthy volunteers (Sanquin Blood Bank, Nijmegen, the Netherlands) by density-gradient centrifugation over Ficoll-Paque (GE Healthcare, Chicago, IL, USA), as described previously [12] . PBMCs were washed with phosphate-buffered saline (PBS) and maintained in RPMI-1640 Dutch-modified culture medium (RPMI medium; Invitrogen, Carlsbad, CA, USA) supplemented with 10 μg/ml gentamicin (Centraform), 10 mmol/l glutamax (Invitrogen) and 10 mmol/l pyruvate (Invitrogen). For all experiments, cells were stimulated per well in 96-well round-bottomed plates. In order to measure adaptive cytokines [interferon (IFN)-γ, interleukin (IL)-17 and IL-22], PBMCs were incubated with C. albicans or S. aureus for 6 days. At day 6, supernatants were removed. C. albicans and S. aureus stimuli were prepared and added to the cells either with or without HDAC inhibitors. On day 7 (24 h later), supernatants were collected and stored at -20°C for future analysis.
Inhibitors and stimuli
All HDAC inhibitors were dissolved in dimethylsulphoxide (DMSO), according to the manufacturer's instructions (Selleckchem, Houston, TX, USA). Concentrations used in experiments range from 1000 to 1 nM. The manufacturer provided half maximal inhibitory concentration (IC 50 ) values based on cell-free assays: 5 nM for panobinostat, 0·51 μM (HDAC1)-1·7 μM (HDAC3) for entinostat and 0·08 μM for RGFP966.
For panobinostat, various pharmacokinetic studies have been performed in patients. Most of these studies are summarized in a review [13] indicating very rapid metabolism of the drug (up to 99%). In several studies, panobinostat concentration in patient plasma were measured after administration. An exposure of C max between 20 and 70 ng/ml was reported. Considering the molecular weight of panobinostat (349·43 g/mol), a plasma concentration of 50 ng/ml equals [0·05 g/(349·43 g/mol) ] = 143·09 μM. As panobinostat is rapidly metabolized by the liver in vivo, we decided to use lower concentrations for our experiments (100-1000 nM).
Entinostat levels in patients plasma were also assessed after treatment [14] . The authors found plasma concentrations of approximately 1 ng/ml, depending on the dosage of entinostat treatment. Entinostat has a molecular weight of 376·41 g/mol, therefore plasma levels are of 1 ng/ml equal to approximately 2000 nM. As entinostat's IC 50 is approximately ×1.5 higher for HDAC3 than HDAC1 in cell free-assays (information provided by the manufacturer), we aimed to lower the concentration in our experimental setting by a factor of 1·5 to estimate reasonable working concentrations.
To our knowledge, no patient studies have been published on the pharmacokinetics of RGFP966. Cell-free assays indicated an IC 50 of approximately 80 nM. As that value is similar to the lower concentration used for other inhibitors, we decided to also use 100 and 1000 nM for RGFP966 in our experiments.
C. albicans UC820 conidia were grown in Sabouraud broth (Sigma, St Louis, MO, USA), S. aureus in brain heart infusion broth (BHI) (Sigma) at 37°C, 5% CO 2 overnight. Morphology was checked by light microscopy the following day, cells were washed ×3 in sterile PBS, resuspended in sterile PBS and concentration was adjusted to 1 × 10 8 cells/ml (counting chamber). Micro-organisms were heat-killed for 60 min at 95°C; cell viability was checked by plating the suspension on Sabouraud or BHI agar at 37°C, 5% CO 2 overnight. Micro-organisms were stored at -20°C until further use.
Enzyme-linked immunosorbent assay (ELISA)
Cytokine production was measured in supernatants by enzyme-linked immunosorbent assay (ELISA), according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA, IL-1β, IL-1Ra, IL-17, IL-22 and tumour necrosis factor (TNF)-α; Sanquin, Amsterdam, the Netherlands, IL-6, IL-10 and IFN-γ). IL-6 and IL-10 in patients' samples were measured using ELISA kits supplied by R&D Systems.
Flow cytometry
Flow cytometry was used to determine cell viability during treatment with HDAC inhibitors. Briefly, cells were collected following stimulation for 24 h and washed in PBS containing 1% bovine serum albumin (BSA). Annexin V-fluorescein isothiocyanate (FITC) (ITK-Diagnostics, Uithoorn, the Netherlands) was added to RPMI-1640 (Gibco, Carlsbad, CA, USA) supplemented with 5 mM CaCl 2 . Samples were incubated for 15 min in the dark on ice. One μl of propidium iodine (Life Technologies, Paisley, UK) per sample was added and incubated for another 5 min on ice.
Phosphorylated STAT-1 and STAT-3 were measured in freshly isolated PBMCs after 15 min stimulation with IFN-γ (50 ng/ml) or IL-6 (20 ng/ml). Cells were fixed and permeabilized using BD Fix&Perm solution (BD Biosciences, San Jose, CA, USA) according to instructions provided by the manufacturer and stored in 100% methanol at -20°C for at least 12 h. Before staining cells with pSTAT-1-phycoerythrin (PE) or phosphorylated (p)STAT-3-PE (1 : 10, eBioscience, San Diego, CA, USA) in combination with CD45-knockout (KO) (1 : 10, Beckman Coulter, Brea, CA, USA) and CD4-allophycocyanin (APC) (1 : 5 ITK), samples were washed twice in PBS containing 1% BSA.
For intracellular detection of IFN-γ and IL-17, freshly isolated PBMCs were treated with HDACi (1 h) prior to general activation by phytohaemagglutinin (PHA) (10 g/ml, 4 h). After stimulation, all samples were fixed and permeabilized using BD Fix&Perm solution, as recommended by the manufacturer. Cells were stained with IFN-γ-PE (1 : 80, ImmunoSource, Schilde, Belgium) and IL-17-FITC (1:250, ImmunoSource) to detect intracellular cytokines. The gating strategy is shown in the Supporting information (Fig. S1 ). Samples were measured on the FC500 (Beckman Coulter) using CXP software.
Statistics
Statistics were performed with Prism Graph Pad version 5.0 software, using a Wilcoxon signed-rank test or twoway analysis of variance (anova) where applicable. All n numbers provided refer to the number of independent donors used. A P-value < 0·05 (*) was considered statistically significant, (**)P < 0·01, (***)P < 0·001. Data represent mean ± s.e.m. or median, as indicated.
Results
HDAC inhibitors down-regulate C. albicans-induced TNF-α
Healthy immune cells produce proinflammatory cytokines when they encounter C. albicans. In order to investigate the impact of HDAC inhibitors on cytokine production, PBMCs isolated from buffy coats were stimulated for 24 h in the presence of different HDAC inhibitors (1000-1 nM) and heat-killed C. albicans. As a broad HDAC inhibitor, panobinostat interferes strongly with cytokine production normally produced in response to C. albicans, especially TNF-α (Fig. 1) . In contrast, IL-1β (Fig. 1 ) and IL-6 ( Fig. 1) release is strongly impaired only at high concentrations of panobinostat. Entinostat, which selectively inhibits class I HDACs, attenuated TNF-α secretion induced by C. albicans at all concentrations tested (Fig. 1) . No effect could be detected on IL-1β production, whereas IL-6 showed a trend similar to that of TNF-α; however, these changes did not reach statistical significance (Fig. 1 ). RGFP966, a specific HDAC3 inhibitor, did not significantly alter any of the cytokines induced by C. albicans. Production of TNF-α was slightly decreased at 1000 and 100 nM ( Fig. 1 ), but no changes could be observed for production of IL-1β or IL-6.
Anti-inflammatory cytokines are strongly downregulated in the presence of particular HDACs
To assess the full effect of HDAC inhibitors on early innate immune responses, we also examined differences in the secretion of potent anti-inflammatory cytokines IL-1Ra ( Fig. 2 ) and IL-10 ( Fig. 2) . Panobinostat inhibited IL-1Ra as well as IL-10 release at concentrations of 1000 and 100 nM. Lower concentrations effectively decreased IL-1Ra release, but did not affect IL-10 levels. Entinostat diminished production of IL-1Ra at 1000 nM, however, did not alter anti-inflammatory cytokine production significantly at lower concentrations. Candida-induced IL-10 tended to be slightly lower in the presence of 1000 nM entinostat. Incubation with RGFP966 did not significantly change IL-1Ra or IL-10 production, but showed a trend towards increase of IL-10.
Panobinostat compromises cell viability
To exclude cell death as the underlying cause of differential cytokine release, PBMC viability was assessed using concentrations of 1000 and 100 nM annexin V/PI staining using flow cytometry. No differences in any conditions tested could be observed for entinostat and RGFP966, whereas an increase of 10% (24 h stimulation) (Fig. 3 ) up to 25% cell death (6 days stimulus + 24 h HDACi) (Supporting information, Fig. S2 ) was observed in panobinostat-treated samples. Cytotoxicity assays measuring lactate dehydrogenase (LDH) in cell culture supernatants indicated no significant differences between HDAC inhibitor-treated and -untreated cells (Fig. 3) . Cell death analysis of cells derived from CMC patients revealed similar results (Supporting information, Fig. S2 ).
S. aureus and C. albicans-induced cytokine profiles are modulated similarly in the presence of HDACi
In order to assess whether the effect of HDAC inhibitors on innate immune responses are specific to fungal pathogens, the same HDAC inhibitors were tested for a CMC-relevant bacterial pathogen, S. aureus. Similar to C. albicans, TNF-α levels produced after 24 h of S. aureus challenge were reduced in the presence of panobinostat, most prominently at high concentrations (1000-100 nM) (Fig. 4) . Production of IL-1β also tended to be lower at 1000-100 nM panobinostat; however, this effect was not statistically significant (Fig. 4) . Production of IL-6 was strongly decreased when high concentrations of panobinostat were used, but this effect was lost at lower concentrations (Fig. 4) . The pattern of inhibition at high concentrations was also seen for production of IL-1Ra and IL-10 (Fig. 4) . Entinostat reduced cytokines levels similarly to that observed when C. albicans was used as a stimulus. TNF-α secretion was strongly impaired; however only at 1000-100 nM (Fig. 4) .The other innate cytokines measured followed the same trend; however, the changes did not reach statistical significance (Fig. 4) . No clear effect was observed on any cytokine tested in the presence of RGPF966 (Fig. 4) . At a concentration of 1000 nM, RGFP966 resulted in a trend towards reduced TNF-α and increased IL-10 secretion after S. aureus challenge; however, the overall effect was not statistically significant. 
Entinostat modulates adaptive immunity in healthy control cells
Loss of functional Th17 cells is an immunological hallmark of CMC. Absence of IL-17 has been reported to be one of the major factors causing insufficient anti-fungal defence [15] . When investigating adaptive cytokines produced in response to C. albicans and S. aureus in the presence of entinostat, we observed a decrease of C. albicans induced IFN-γ (Fig. 5) and IL-17 ( Fig. 5 ) production, while there was a slight increase of IL-22 at 1000 nM entinostat (Fig.  5) . Compared to C. albicans, S. aureus elicited a much weaker IFN-γ response, which remained similar in the presence of entinostat (Fig. 5) . IL-17 was not induced by S. aureus alone, and also not in the presence of entinostat (Fig. 5) . IL-22 secretion showed a very subtle increase when 1000 nM entinostat was present (Fig. 5) .
Pretreatment of PBMCs with RGFP966 did not change IFN-γ (Fig. 6 ). For IL-17 (Fig. 6 ), only one of three donors showed a slight increase of IL-17 in the presence of 1000 nM RGFP966 after C. albicans stimulation. S. aureus stimulated cells did not produce IL-17, regardless of the presence or absence of RGFP966 (Fig. 6) . C. albicans-induced IL-22 secretion was slightly increased in two of three donors when cell were pretreated with RGFP966; however, this effect was only seen for one donor after S. aureus challenge (Fig. 6 ). All adaptive cytokines in PBMCs treated with panobinostat (Supporting information, Fig. S3 ) were strongly decreased.
Entinostat and RGFP966 increase TNF-a responses in STAT-1 GOF cells
In order to predict possible outcomes for patient treatment with HDAC inhibitors, we isolated PBMCs from STAT-1 GOF patients and measured cytokine responses. Because of the strong inhibitory effect on cytokine production and increased apoptosis observed for panobinostat, we decided to focus upon entinostat and RGFP966 instead. Additionally, C. albicans-and S. aureus-stimulated cells responded very similarly to HDACi treatment, therefore we chose to only use S. aureus stimulation to assess how HDAC inhibitors modulate innate cytokine profiles in STAT-1 GOF cells. Both entinostat (Fig. 7) and RGFP966 (Fig. 7) augmented TNF-α responses towards S. aureus in STAT-1 GOF cells. This effect is different compared colony-forming units (CFU)/ml] or heat-killed S. aureus (1 × 10 7 CFU/ml). At day 6, supernatants were removed and replaced with freshly prepared stimuli (C. albicans or S. aureus) in combination with or without entinostat. Cells were maintained in these conditions for an additional 24 h before supernatants were collected and stored at -20ᵒC until (a) interferon (IFN)-γ, (b) interleukin (IL)-17 or (c) IL-22 production was measured by enzymelinked immunosorbent assay (ELISA) (median, n = 3, no statistical analysis was performed).
Fig. 6. RGFP966 does not modulate adaptive cytokine immune responses to Candida albicans or Staphylococcus aureus in healthy control cells. (a-c)
Peripheral blood mononuclear cells (PBMCs) were freshly isolated from healthy controls. Cells were incubated for 6 days in the presence or absence of C. albicans [1 × 10 6 colony-forming units (CFU)/ml] or heat-killed S. aureus (1 × 10 7 CFU/ml). At day 6, supernatants were removed and replaced with freshly prepared stimuli (C. albicans or S. aureus) in combination with or without RGFP966. Cells were maintained in these conditions for an additional 24 h before supernatants were collected and stored at -20ᵒC until (a) interferon (IFN)-γ, (b) interleukin (IL)-17 or (c) IL-22 production was measured by enzyme-linked immunosorbent assay (ELISA) (median, n = 3, no statistical analysis was performed).
to healthy control cells, where both HDAC inhibitors lowered TNF-α responses. Both entinostat and RGFP966 lowered IL-1β and IL-6 responses dose-dependently in healthy controls and patients (Supporting information, Fig. S4 ). Interestingly, IL-10 production was increased dose-dependently by RGFP966 in patients in response to S. aureus, whereas IL-1Ra was unaffected. Innate cytokines were also measured in response to panobinostat; however, almost all were inhibited dramatically in healthy volunteers as well as in patients (Supporting information, Fig. S5 ).
Entinostat and RGFP966 increase IL-22 in response to S. aureus in STAT-1 GOF cells
In order to assess the effect of entinostat and RGFP966 on adaptive immune responses, we measured IFN-γ, IL-17 and IL-22 production. In response to C. albicans stimulation, the presence of entinostat had almost no effect (Fig. 8) . However, in response to S. aureus, entinostat increased IFN-γ (100 and 1000 nM) as well as IL-22 production (100 nM) (Fig. 8,c) , while IL-17 concentrations remained undetectable (Fig. 8 ). Cells treated with RGFP966 showed the same trend with increased IFN-γ and IL-22 at 100 nM (Fig. 8) . Panobinostat decreased all cytokines measured (Supporting information, Fig. S3 ). In addition to secreted protein levels, we also measured intracellular IFN-γ and IL-17. PBMCs were stimulated with a nonspecific stimulus (PHA) known to generally activate T cells and thus induce cytokine production. Entinostat and RGFP966 influenced intracellular cytokine accumulation only mildly in PHA activated cells. While IFN-γ was slightly decreased, increasing numbers of IL-17 positive cells were detected (Supporting information, Fig. S7 ). 
Entinostat and RGFP966 lower intracellular pSTAT-1 levels while maintaining normal pSTAT-3
While STAT-1 is crucial for Th1 development, STAT-3 is involved in Th17 differentiation by mediating IL-6 and IL-23 signalling. Therefore, we aimed to assess the affect of HDAC inhibitors on the activation of these molecules to gain more insight into the mode of action of entinostat and RGFP966. Data show a decreased IFN-γ-induced STAT-1 phosphorylation in the presence of both entinostat (Fig. 9) and RGFP966 (Fig. 9) , while activated phosphorylated STAT-3 levels remained stable with or without treatment (Fig. 9) . Panobinostat showed the same trend (Supporting information, Fig. S6 ).
Discussion
Infectious complications in patients suffering from CMC due to STAT-1 GOF mutation are caused mainly by C. albicans and S. aureus [16] . HDACi treatment has been suggested as possible treatment for STAT-1 GOF CMC patients; however, studies directly investigating potential benefits or complications associated with HDACi treatment in CMC patients in relation to infection are rare. Here we assess how different HDAC inhibitors modulate the innate and adaptive immune responses of healthy and STAT-1 GOF PBMCs in response to the two micro-organisms associated most frequently with CMC. We demonstrate that HDACi influence general pro-and anti-inflammatory cytokine production of PBMCs in response to C. albicans and S. aureus. Effects were dependent upon the specific target of the HDACi investigated. Panobinostat, a non-specific panHDACi, decreased production of all cytokines measured in healthy controls as well as patient cells: TNF-α, IL-1β, IL-1Ra, IL-6, IL-10, IFN-γ, IL-17 and IL-22. Notably, the annexin V staining showed that a 10-25% increase in cell death was aureus (1 × 10 7 CFU/ml). At day 6, supernatants were removed and replaced with freshly prepared stimuli (C. albicans or S. aureus) in combination with or without entinostat. Cells were maintained in these conditions for an additional 24 h before supernatants were collected and stored at -20ᵒC until (a) interferon (IFN)-γ, (b) IL-17 or (c) IL-22 production was measured by enzyme-linked immunosorbent assay (ELISA) (median, n = 3, no statistical analysis was performed). dependent upon the experimental setting. In comparison, cells in the presence of entinostat or RGFP966 did not show differences in apoptosis compared to untreated cells in any of the conditions tested. Entinostat and RGFP699 decreased TNF-α production in healthy cells, while other cytokine responses remained largely unaffected. Most interestingly, entinostat and RGFP966 appeared to have a different effect on STAT-1 GOF cells, where we demonstrated increased TNF-α production in response to S. aureus stimulation. When assessing the effect of HDACi on crucial anti-fungal responses, Th1 and Th17, both entinostat and RGFP966 were able to restore defective IL-22 production in cells from patients with STAT-1 GOF. Moreover, intracellular staining of phosphorylated transcription factors STAT-1 and STAT-3 showed that these HDAC inhibitors down-regulated pSTAT-1 levels while maintaining normal pSTAT-3 levels, which might play a role in the increased IL-22 production.
The effect of HDACi on immune cell function has been reviewed previously in detail by Kroesen et al. [17] . In line with our observations, panHDAC inhibitors were described to generally suppress cytokine production by macrophages, dendritic cells (DCs) and/or PBMCs upon Toll-like receptors (TLR)-3 and -4 (panobinostat) [18] or TLR-2, -3 and -9 (givinostat) [19] engagement. We confirmed these results by showing that panobinostat reduces proinflammatory cytokine production (TNF-α, IL-6 and IL-1β) after C. albicans challenge. Panobinostat also decreased the anti-inflammatory cytokines IL-1Ra and IL-10, further supporting general cytokine inhibition. Dysregulated immune profiles have long been described in CMC patients, specifically in response to C. albicans [20] . While panobinostat is able to down-regulate IFN-γ responses which could, theoretically, promote Th17 cell development, the somewhat drastic inhibitory effect and overall dampening of all cytokine responses is likely to cause secondary problems with a broad array of additional infections. Additionally, increased cell death percentages raise concerns about adverse effects due to cytotxicity and thus advocate against panobinostat as treatment of choice in CMC patients.
The HDACi class I inhibitor entinostat has been reported to reduce inflammation and bone loss in an experimental murine arthritis model [21] . Additionally, entinostat proved to be effective in mitigating the phenotypes of bacterial infection models with salmonella and Escherichia coli [22] and demonstrated beneficial effects in a rabbit in-vivo model of cholera infection [23] . Often studied at single loci, indirect enrichment of histone acetylation and concomitant transcriptional activation is the paradigmatic mechanism of action. However, the biology of lysine acetylation is much more complex. Genomewide analyses also reveal broad deacetylation conferred by HDAC inhibitors in vascular endothelial cells, mediated by the loss of EP300/CREBBP binding [24] . Such findings, as well as the transcription-modulating effects of lysine acetylation on transcription factors, highlight the fact that certain acetylation events regulating gene expression are in fact chromatin-independent. In support of this hypothesis, we demonstrate that only STAT-1, but not STAT-3, phosphorylation is modified by entinostat. It is tempting to speculate that this difference in regulation might confer beneficial effects to CMC patients when treated with entinostat: lowering STAT-1 phosphorylation could attenuate IFN-γ responses and therefore support STAT-3-driven Th17 development. In line with these data we observed increased IL-22 production by S. aureus in the presence of entinostat in patients with STAT-1 GOF, which supports the hypothesis that increased STAT-1 phosphorylation can suppress IL-22 responses. We did not observe any increase in IL-17 production in STAT-1 GOF cell in the presence of entinostat; however, results for intracellular cytokines show a trend towards increased IL-17, while IFN-γ is down-regulated. These data support the notion that entinostat may partially restore defective Th17 responses in STAT-1 GOF cells.
A recent report elucidates anti-microbial protein upregulation via STAT-3 activation as one of the mechanisms by which entinostat aids to combat bacterial infections [25] . Moreover, specific blocking of HDAC1 with siRNA in cells of patients with STAT-1 GOF restored defective STAT3 signalling associated with deficient Th17 responses. Therefore, specific HDAC class I inhibition poses a possible treatment option for CMC due to STAT-1 GOF. However, while increasing TNF-α in STAT-1 GOF cells, which is a relevant protective cytokine in the host defence against S. aureus and C. albicans, entinostat in fact downregulated IL-6 and IL-1β production in STAT-1 GOF cells. Therefore, although entinostat seems to have beneficial effects on IL-22 production and decreases STAT-1 phosphorylation, HDAC class I inhibition might also weaken overall protective innate immune responses.
RGFP966 is a specific HDAC3 inhibitor linked to downregulation of phagocytic function of neutrophils in an Acinetobacter actinomycetemcomitans in-vitro assay, whereas cytokine production by neutrophils was largely unaffected, except for lower levels of TNF-α [26] . Earlier this year another study assessed the effect of RGFP966 on primary microglia and found that immune pathways linked to the TLR signalling and STAT-3 and STAT-5 were impacted strongly by RGFP966 [27] . However, the importance for HDAC3 in cytokine production of myeloid and lymphoid cells in the context of Candida or S. aureus is yet to be established. In healthy control cells, we observed minor effects of HDAC3 inhibition on the cytokine production of PBMCs after C. albicans or S. aureus, which basically followed the same trend observed for entinostat. Strikingly, in STAT-1 GOF cells, RGFP966 heightened TNF-α and IL-22 production specifically in response to S. aureus stimulation. Our results suggest that targeting HDAC3 might thus have protective effects on S. aureus host defence by increasing both innate and adaptive immune responses of PBMCs, and in this regard would be a candidate to explore in CMC. However, we have reported previously that HDAC3 inhibition did not restore STAT-3-dependent IL-22 production in contrast to HDAC1 and HDAC2 inhibition [11] . These differences might be due to the stimulus used. In current study we used the pathogen, and previously we used the cytokine IL-23 to induce IL-22.
Mechanistically, we show that IFN-γ-induced pSTAT-1 levels are markedly decreased in the presence of either entinostat or RGFP966, while pSTAT-3 remained stable. As increased pSTAT-1 is a hallmark in the pathophysiology of STAT-1 GOF, the dampening effect of the HDAC inhibitors tested in this study provides an additional rationale for a possible CMC treatment. Moreover, we show that pSTAT-3 induction is not inhibited by entinostat and RGFP966, theoretically allowing for Th17 development under treatment conditions. Taken together, our study summarizes the effects of different HDAC inhibitors on healthy and STAT-1 GOF PBMCs in response to C. albicans and S. aureus, the two most common micro-organisms associated with CMC. We show that panHDAC inhibitors have a major impact upon innate and adaptive immune response, whereas class I inhibitors (entinostat) or RGFP966 (HDAC3 inhibitor) show differential effects. Specific HDACi class I inhibition has been already been proposed to be beneficial due to its ability to restore STAT-3 defects. We support these data by demonstrating that both entinostat and RGFP966 inhibit cytokine production only very selectively, while restoring some immunological defects in CMC. Therefore, entinostat and RGFP966 appear to be the best candidates to further explore in patients with CMC due to STAT-1 GOF.
However, even if inhibitory effects on most cytokines are minimal, possible consequences need to be taken into account. Complications due to secondary infection have to be anticipated and need to be monitored closely when such a strategy is explored. In addition, tissue-specific roles of individual HDACs must be considered in context of therapeutic interventions [2] . 
Supporting Information
Additional supporting information may be found in the online version of this article at the publisher's web site: S3 . Peripheral blood mononuclear cells were freshly isolated from healthy controls (black) or STAT1 GOF patients (clear). Cells were incubated for 6 days in the presence or absence of C. albicans (1*10 6 CFU/ml) or heat killed S. aureus (1*10 7 CFU/ml). At day 6, supernatants were removed and replaced with freshly prepared stimuli (C. albicans or S. aureus) in combination with or without Panobinostat. Cells were kept in these conditions for an additional 24 hours before supernatants were collected and stored at -20°C until (a and b) IFN-γ, (c and d) IL-17 or (e and f) IL-22 induction was measured by ELISA (median, n = 3 for patients and controls, no statistical analysis was performed).
Fig. S4
. Peripheral blood mononuclear cells were freshly isolated from healthy controls (black) or STAT1 GOF patients (clear). Cells were pre-incubated for one hour with Entinostat (a-d) or RGFP966 (e-h) and subsequently stimulated for an additional 24 hours in the presence or absence of heat killed S. aureus (1*10 7 CFU/ml). Supernatants were collected and stored at -20°C until IL-1β, IL-6, IL-1Ra and IL-10 production were measured by ELISA (negative controls for controls and patients were pooled. Median, n = 3 for patients and controls, no statistical analysis was performed).
Fig. S5
. Peripheral blood mononuclear cells were freshly isolated from healthy controls (black) or STAT1 GOF patients (clear). Cells were pre incubated for one hour with Panobinostat and the stimulated with or without heat killed S. aureus (1*10 7 CFU/ml) for 24 hours. Supernatants were collected and stored at -20°C until TNF-α (a), IL-6 (b), IL-1β (c), IL-1Ra (d) and IL-10 (e) production were measured by ELISA (median, n = 3 for patients and controls, no statistical analysis was performed).
Fig. S6
. Intracellular levels of (a) phosphorylated STAT1 (pSTAT1) upon IFN-γ (50 ng/ml) and (b) phosphorylated STAT3 (pSTAT3) upon IL-6 (20 ng/ml) were measured in freshly isolated peripheral blood mononuclear cells of healthy controls (black) and STAT1 GOF patients (clear). Peripheral blood mononuclear cells were pre-treated for one hour with Panobinostat or DMSO control. All samples were stained for CD45 and CD4 in combination with either anti-pSTAT1 or anti-pSTAT3 and measured by flow cytometry (median, n = 3 for patients and controls, no statistical analysis was performed (median, n = 3 for patients and controls, no statistical analysis was performed). IL-17/ IFN-γ were measured in freshly isolated peripheral blood mononuclear cells of healthy controls and STAT1 GOF patients. Cells were pre-incubated for one hour with HDAC inhibitors and subsequently all samples were activated with phytohaemagglutinin (PHA) (10 μg/ml) for 4 hours. Cells were collected immediately and stained for intracellular IL-17 and IFN-γ. All samples were measured on the same day by flow cytometry (median, n = 3 for patients and controls, no statistical analysis was performed).
